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Abstract 
Palm oil mill is rich with biomass and biogas resources. Thus the resources can be utilised to power a green DEG 
energy system for an eco-community comprising of the POM itself as well as a local residential community in 
Iskandar Malaysia. Solar energy systems are also integrated to the DEG system to supply additional energy to ensure 
the system is fully RE operated, to drive the realisation of a low carbon society in Iskandar Malaysia. Thus in this 
work, a model that incorporates load shifting feature is developed, with the aim to design an optimal biomass and 
biogas power generation system, solar energy system, and energy storage system, with consideration of the variation 
of electricity and thermal energy requirement due to weekday/weekend profiles and operation status of palm oil mill. 
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1. Introduction 
The vast availability of biomass from palm oil mills (POM) provides promising sustainability prospect 
by harnessing the biomass residues for renewable energy (RE) utilisation. Provided that residue treatment 
and utilisation as well as land use change issues are properly handled, the palm oil industry can be 
environmentally sustainable particularly in view of its high yield and minimal use of fertilizer and 
pesticides. An optimal use of palm oil residues as fuels and raw materials replacement of fossil 
derivatives can lead to a net zero or negative carbon emissions in the overall palm oil production 
particularly if plantations are not replacing high carbon stock growth like forests [1]. 
The palm oil industry thus offers potential for developing a sustainable energy system, not only for 
consumption within the POM but also for communities beyond the boundaries of the mill. This article 
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discusses the possibility of designing an Integrated Biomass-Solar (IBS) energy system for an eco-
community comprising of the POM itself and a local residential community in Iskandar Malaysia (IM). 
2. Problem Statement 
Given is the following data for a set of power generation technologies with electricity production 
yields, a set of energy storage devices with system charging and discharging efficiency, weather profiles 
with solar intensities over a certain duration (typically on hourly basis); costs of electricity generation and 
capital and operating expenditures for power generators and energy storage; and load profiles with 
electricity consumption over a certain period (typically on hourly basis) for a set of electrical appliances 
on weekdays and weekends. We aim to synthesize an optimal system configuration design and scheduling 
to fulfil the electricity and heat demands of an integrated bioenergy and solar PV-based distributed energy 
generation system for a palm oil mill and a local residential community by determining the following 
decisions: the capacity of power generators; the power-related capacity and energy-related capacity of 
energy storage; the power generation schedule; the charging and discharging schedule of the storage 
system, and the final load profiles after performing load shifting. 
3. Methodology 
The model in this work is developed to fulfil the hourly electric and heat demand of an IBS energy 
system designed for a POM and a local residential community in IM. On the supply side, there are three 
main energy systems, i.e., biomass, biogas and solar energy system. EFB, palm fibers, and PKS are 
categorised as resources of biomass which are to be converted to thermal energy and electrical energy 
through direct fired or gasification thermal power plant. POME and food waste are categorised as 
resources of biogas which are to be converted to biogas and subsequently to energy (electric and heat) 
through a biogas thermal power plant. Lastly, depending on weather conditions, solar irradiation from the 
sun is converted to electricity through solar photovoltaic (PV) system and both electricity and heat in a 
solar thermal power plant. Generated electricity has an option to be charged into an energy storage (ES) 
which will be discharged at later time to meet peak electricity demands. Noted that heat demands are in a 
form of low pressure (LP) steam which is retrieved after high pressure (HP) steam are utilised to generate 
electricity. The model will also select the optimal combination of RE resources and its corresponding 
conversion technology (power plant) to supply energy to the system. On the demand side, there are two 
main sectors where energy demands are to be fulfilled, industrial and residential. As POM operates 
continuously (continuous process), the energy demand (electricity and heat) is assumed fixed throughout 
the day. Two scenarios are taken into consideration, operating and maintenance. Operating represent 
POM operation as usual and maintenance represent the plant shutdown, which takes place once a week on 
a weekday. As for the residential sector, it is assumed that there are generally two major trends 
representing the average residential electricity demands, weekdays and weekend. On top of the fixed 
electricity demands, the model will also perform load shifting on shiftable loads which will be placed in 
specified time intervals.  
The formulation of mathematical equations is described next. Note that the equations are not shown in 
this article. The objective function is formulated to calculate the total cost of the system over a year long 
period. The total cost includes the capital costs (including energy-related and power-related capacity of 
ES), variable operating and maintenance (O&M) and fixed O&M cost. On the energy supply side, the 
total annual resources utilisation for energy generation has to be less than the annual allocated biomass 
and biogas resources. The solar energy generated is subjected to the solar intensity at the particular time 
interval. Note that the amount of electricity generable by the biomass and biogas energy system are 
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bounded by the lower boundary which subjects to the turn down ratio of the unit and the upper boundary 
of the designed capacity of the energy system. For ES system, the cumulative energy in an ES at a 
specific time interval has to be equal to the cumulative energy at the previous time interval plus incoming 
energy charged for storage from RE technologies (biomass, biogas, and solar energy system), and minus 
outgoing energy discharged to meet load demands. Incoming and outgoing energy are also subjected to 
efficiency losses, during conversion, charging and discharging of energy. The ES are also designed to 
operate only in either charging or discharging mode at one time. The storage will not be able to discharge 
energy while it is charging energy and otherwise. As the system operates in different current phases, 
inversion from AC to DC and vice versa is required and is subjected to an additional efficiency loss 
during inversion. 
4. Case study and results 
The data for the case study is presented in Table 1 (full data may be requested from the authors). The 
formulated MILP model was coded in GAMS and with objective to minimise the total annual cost, the 
model is solved via CPLEX 12.3.0.0 0 solver which applies the branch and cut algorithm. The results 
reveals that the optimal energy system configuration for the POM IBS energy system should consist of a 
direct fired biomass energy system utilising all three biomass resources (EFB, palm fiber, and PKS), a 
biogas energy system utilising both POME  and food wastes (1.15 t), a solar PV system and a sodium 
sulphur battery. Based on the objective function, the annual cost of the system was revealed as USD 
$ 3,103,904 equivalent to an average energy cost of 0.10 USD $/kWh (total cost/total generation in a 
year). The economics including the cost breakdown for each operating units and its capacity are 
summarised in Table 2. 
Table 1. Case study – model data. 
 Operating Maintenance 
Electricity demand per hour 
(kWh) 
2500 0 
Steam demand per hour (t) 75 0 
Biomass and Biogas [2] 
 Energy Potential (GJ/t)  Annual Availability (t) 
EFB 4.3  30,000 
Palm Fiber 11.1 13,000 
PKS 17.3 6,500 
POME 0.6408 75,000 
Food Waste 0.6408 200 
Power Generators [3] and [4] 
Type of 
generator 
Capital Cost 
(USD $/kW) 
Fixed O&M 
Cost (USD 
$/kW) 
Variable O&M 
Cost (USD 
$/kWh) 
Heat Rate 
(GJ/kWh) 
Turn Down 
Ratio (in 
fraction) 
Steam Generation per 
Unit of Electricity 
Generated (t/kWh) 
Biomass 
Direct Fired 
4,114 105.63 0.005 0.01424 1:2 0.7692 
Biomass 
Gasification 
8,180 356.07 0.0175 0.01303 1:3.33 0.7692 
Biogas Gas 
Turbine 
6,350 302.32 0.0147 0.00947 1:3.33 0.7692 
Solar PV 3,873 24.69 - - - - 
Solar Thermal 5,067 67.26 - - - 0.7692 
Energy Storage [5] 
Type of 
battery 
Energy Capacity 
Related Cost (USD 
$/kWh) 
Power Related 
Cost (USD 
$/kWh) 
Fixed O&M 
Cost (USD 
$/kW) 
Charging and 
Discharging Efficiency 
(%) 
Depth of Discharge 
(%) 
Sodium 300.48 245.18 61.56 92.2 80 
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Sulphur 
Nickel 
Cadmium 
345 435 51.2 85 80 
Table 2. Case study – optimal POM IBS system parameters. 
Total Annual Cost 3,103,904 USD $ 
Biomass Direct Fired Cost 1,252,514 USD $ 
Biogas Power Generator Cost 343,574.8 USD $ 
Solar PV Cost 360,691.7 USD $ 
Sodium Sulphur ES Cost 117,708.2 USD $ 
Average Electricity Cost 0.10 USD $/kWh 
Biomass Direct Fired Capacity 3,813.45 kW 
Biogas Power Generator Capacity 677.72 kW 
Solar PV Capacity 1,166.51 kWp 
Sodium Sulphur ES Energy-Related Capacity 3,076.28 kWh 
Sodium Sulphur ES Power-Related Capacity 2,243.29 kW 
5. Conclusion 
Developing a sustainable energy system in IM is possible with its vast amount of RE. The results in 
this work also shows that the average electricity cost of the sustainable energy system is 0.10 USD $/kWh, 
which is affordable to be adapted in the region of IM. 
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